Recent work on Drosophila oogenesis has uncovered connections between cell-cycle checkpoints and pattern formation. Genes of the spindle class, which encode double-strand break repair enzymes and RNA helicases, affect oocyte polarity and the decision whether to differentiate as an oocyte or a nurse cell.
Meiotic and mitotic 'checkpoints' control the timing of cell-cycle events by ensuring that earlier steps in the cell cycle are completed before later steps are initiated. Given the importance of regulated cell division in development, one might expect to find links between developmental events and cell-cycle checkpoints that would ensure the two processes are coordinated. Indeed, in many species a correlation has been observed between specific stages of the meiotic cell cycle and cellular events required for oocyte differentiation and maturation. The connection has now been put on a molecular footing, with the discovery that Drosophila 'spindle' genes are required for meiosis and have roles in establishing the embryonic axes and restricting oocyte fate to one cell in a germ-line cyst [1] .
Oocyte determination and axis establishment
The main body axes of the Drosophila embryo are determined prior to fertilization by the localization of three mRNAs -bicoid, oskar and gurken -to discrete regions within the oocyte (Figure 1 ). These patterns of mRNA localization are established by a series of intercellular signaling events, involving communication between the oocyte and the surrounding somatic follicle cells [2] . These patterning events all occur while the oocyte is arrested in meiotic prophase I [3, 4] . Before explaining the new work on spindle genes it would be useful to give a general outline of oogenesis in Drosophila.
Drosophila oogenesis begins when a germ-line cystoblast undergoes four rounds of mitotic division to form an oogenic cyst of 16 germ cells [4] . These mitotic divisions occur with incomplete cytokinesis, so that each cell within the cyst is connected to one, two, three or four of its sister cells (Figure 1a) . Initially, several of the germ cells enter meiosis, as shown by the presence of the characteristic synaptonemal complexes and recombination nodules [3] . Only one of these cells will maintain meiotic arrest and develop as an oocyte; the other 15 cells undergo DNA endoreduplication and develop as nurse cells, which define the anterior end of the oocyte. The oocyte moves to a posterior position, relative to the nurse cells, and its chromosomes condense to form a compact 'karyosome' (Figure 1b) .
Each oogenic cyst is surrounded by somatic follicle cells (Figure 1b) . Once the cell that will be the oocyte has been determined and properly positioned within the cyst, a complex set of intercellular signals are passed between the oocyte and the follicle cells, which lead to the establishment of the embryonic axes. The key early oocyte signal is a member of the transforming growth factor α (TGFα) family encoded by the gurken gene, the follicle-cell receptor for which is the Drosophila homolog of the epidermal growth factor (EGF) receptor. The position of the nucleus plays a crucial role in determining the polarity of the oocyte, and gurken RNA is localized close to the nucleus at this stage. The nucleus eventually moves from its posterior position to define the anterodorsal position, taking with it the associated gurken RNA; gurken signaling from this position is the initial trigger that determines dorsoventral polarity (Figure 1c ). Gurken signaling is regulated at every step, including gurken RNA synthesis, localization and translation, and activation of the Gurken protein product [2] (Figure 1d ).
Although oocyte determination and positioning, as well as the establishment of polarity, occur when the oocyte is arrested in meiotic prophase, it has been unclear whether and how these different processes are coordinated. That the processes are coordinated is strongly implied by the identification of a rather large number of genes -more than 15 -that affect aspects of both meiosis and oocyte differentiation. Just how the coordination is achieved is beginning to be revealed by analyses of these genes and their products. Mutations in these genes were first identified because they cause a 'ventralized' phenotype similar to that of gurken mutants [1, 5] . The egg shell of spindle mutant oocytes lacks dorsal structures and ventral pattern elements encroach into the dorsal half of the embryo. The genes defined by these mutations include those of the spindle class (spn-A, spn-B, spn-C, spn-D and spn-E), okra, aubergine and vasa (in what follows these will be collectively referred to as 'spindle genes').
In spindle mutants, the translation and localization of gurken mRNA is defective, which probably accounts for their ventralized phenotypes [1, [5] [6] [7] [8] [9] . But in contrast to the phenotype caused by strong gurken alleles, which is consistent and fully penetrant, the ventralized phenotype of even the strongest lack-of-function spindle alleles is variable. The spindle genes appear to be partially redundant -flies with mutations in two different spindle genes have a more severe phenotype than those with a mutation that completely abolishes the function of any one spindle gene [5] .
Gurken signaling cannot, however, be the only target of the spindle genes, because mutations in this class of genes disrupt not only oocyte axis formation, but also the oocyte cell-fate decision. Instead of compacting into a tiny, spherical karyosome, the oocyte chromosomes in spindle mutants have a diffuse, thread-like appearance. In some cases, the oocyte fails to move to the posterior end of the germ-line cyst [1, 5, 8, 9] . Moreover, in the early cysts of some multiple spindle mutants, two oocytes are occasionally observed in a single cyst; this is most impressively seen in spn-C spn-B double mutants [5] . But gurken mutants do not exhibit these phenotypes, so while the spindle genes do regulate oocyte pattern formation through gurken, they must also affect oocyte fate restriction via other, as yet unidentified effectors.
A link between cell-cycle control and pattern formation
Several of the spindle genes have now been characterized at the molecular level [1, 5, 6, 10] , and the analysis has proven revealing and surprising. Several of the encoded spindle proteins are predicted to act in the cytoplasm to regulate gurken, whereas others are predicted to localize to the nucleus where they act in meiosis (Figure 2 ). The okra gene turns out to be identical to the previously cloned gene DmRad54, which encodes a homolog of the yeast protein Rad54. Rad54 is a DNA helicase with a wellestablished role in double-strand break repair [1, 11] ; in a similar vein, spn-B encodes a protein that shows significant sequence similarity to yeast Dmc1, a meiosis-specific double-strand break repair enzyme [12, 13] (Figure 2) . The spn-D gene has not yet been cloned, but its mutant phenotype is indistinguishable from that of spn-B. In addition to causing gurken-dependent phenotypes, mutations in okra, spn-B or spn-D affect meiotic recombination. The loss of function of any of these genes causes an increased rate of chromosomal non-disjunction and a decreased frequency of recombination [1] . The okra gene is also implicated in mitotic DNA repair on the basis of the survival rates of okra mutant larvae exposed to the mutagen methyl methane sulfonate [1] ; the survival rates of spn-B and spn-D mutant animals were unaffected by methyl methane sulfonate. As spn-B and spn-D mutants are phenotypically so similar, these two genes might have redundant functions in mitotic DNA repair, or they might act specifically in meiosis, as does the yeast protein Dmc1.
Spn-E, vasa and aubergine belong to the class of spindle genes that might act in the cytoplasm rather than the nucleus. The Spn-E and Vasa proteins show significant sequence similarity to members of the RNA-dependent ATPase family defined by the motif DExH, which suggests that Spn-E and Vasa somehow interact with gurken mRNA in the cytoplasm and control either its localization or translation [6, [8] [9] [10] . The oocyte karyosomes in spn-E and vasa mutants are thread-like and diffuse, however, as in mutants for the spindle genes implicated in doublestrand break repair. For both classes of spindle gene, therefore, mutations cause nuclear and cytoplasmic phenotypes; this might be indicative of feedback communication between the nuclear and cytoplasmic pathways [1] , though direct roles for both sets of gene products in the nucleus cannot be ruled out.
Double-strand break repair as a developmental checkpoint
In yeast, the presence of unrepaired double-strand breaks activates a meiotic checkpoint [12] . For example, dmc1 mutant cells, which are defective in double-strand break repair, arrest at meiotic prophase [13] . And mutations in genes required for initiation of recombination, such as SPO11, suppress the mutant dmc1 phenotype [12] [13] [14] .
These observations suggest a model that may explain how double-strand break repair enzymes might regulate cell fate in Drosophila. In the cysts of spn-C spn-B double mutants, as in the wild type, several cells initiate meiosis; in the mutant cysts, however, more than one of these cells remain arrested in meiotic prophase I and are diverted from the nurse cell fate. This suggests that double-strand breaks have to be repaired for cells to follow the nurse cell fate. Double-strand break repair seems also to be required for the oocyte to proceed to the 'karyosome' stage.
Support for this view comes from the observation that the oocyte nucleus in the mutants resembles the wild-type nucleus at an earlier stage (cited in [5] ). This would be consistent with the mutants cells suffering a dmc1-like meiotic arrest [13] . Observations on a particular Drosophila cyclinE mutant further refine the model: cysts of such mutants contain one or two cells in addition to the oocyte which, probably because of a defect in S-phase completion, do not undergo the DNA endoreduplication that is usually seen in nurse cells [15] . These cells are nevertheless not oocytes, as they fail to accumulate oocyte-specific markers [5] . Endoreplication may be required after the doublestrand break repair checkpoint has been passed to maintain nurse cell fate. Moreover, the double-strand break repair checkpoint may also have to be passed for activation of cytoplasmic factors such as Vasa and Spn-E, which are required for gurken RNA localization and translation.
The discovery that genes identified by mutations that affect pattern formation may have a primary role in meiotic progression raises many questions and possibilities for further study. In order to determine the regulatory steps that synchronize progression through the cell cycle and development of the oocyte, it will be important to see which of the genes that affect Drosophila meiosis also affect pattern formation [16, 17] . Useful insights might come from exploiting mei-W68, the recently identified Drosophila homolog of the yeast SPO11 gene [18] : mei-W68 mutants are recombination deficient [19] and should Dispatch R57
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During Drosophila oogenesis, the oocyte nucleus arrests initially at prophase, and recombination initiation (top) and double-strand break repair (middle) take place at this stage. The nucleus arrests again, almost three days later, in metaphase I, and crossovers are resolved by this stage (bottom). A number of genes (red) that play a part in doublestrand break repair have recently been implicated in a process of feedback signaling to the cytoplasm that regulates oocyte fate restriction and gurken localization (see text for details).
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therefore not accumulate double-strand breaks or require double-strand break repair enzymes (Figure 2 ). One would then predict that in mei-W68 okra or mei-W68 spn-B double mutants, oogenesis would proceed beyond the okra/spn-B arrest point. These double mutants could also be used to test whether karyosome morphology and the correct regulation of gurken RNA localization and translation are a direct consequence of successfully passing the double-strand break repair checkpoint.
Another useful genetic tool might be the Drosophila mei-9 gene, a homolog of yeast RAD1 that has been suggested to be required for resolution of Holliday junctions after double-strand break repair [20] . One would predict that mei-9 mutations would not affect oocyte fate and polarity, as the checkpoint is passed before Holliday junctions are resolved. In this case, okra and spn-B should be epistatic to mei-9 ( Figure 2) . In general, genes originally identified in screens for defects in either meiosis or oocyte patterning might turn out to play important roles in both processes. A convergence of cell-cycle and patterning research will be necessary to understand fully the coordination of cellcycle control and developmental events in oogenesis.
